Introduction
Oxidase and catalase activity of plant tissues are so frequently used as criteria of metabolism and viability that methods for their quantitative measurement are becoming increasingly important in physiological tech- nique. -Quantitative data for catalase, however, are more numerous than those of other oxidases, probably because of the difficulty encountered in making accurate determinations of oxygenases and peroxidases. There are, nevertheless, several important reasons for more frequent estimations of oxidase activity. The physiological function of catalase is still obscure. Oxidases, on the other hand, have been closely associated with the ability of living organisms to bring about transformations of materials otherwise stable at ordinary temperatures. Though our knowledge of oxidation-reduction reactions in vivo is as yet fragmentary, the abundant and diverse experimental evidence which has accumulated makes inescapable the conclusion that oxidases are essential to co-ordinated respiratory and other oxidative activities of plants. The correlation between oxidases and physiological processes has been so definite that these enzymes have been placed in a causal relationship to them. The desirability of a convenient quantitative method for oxidase determination is consequently self-evident.
Colorimetric methods for estimation of oxidases have been widely used. These methods have involved the use of such reagents as alpha-naphthol, hydroquinon, pyrogallol, paracresol, ortho-and para-aminophenol and others. Though solutions of these reagents are to varying degrees autoxidizable in air, the amount of spontaneous oxidation can be minimized by keeping the hydrion concentration within definite limits for each reagent (6) . All of them, however, are appreciably autoxidized in nearly neutral media. This is especially true of two common reagents, phenylenediamine hydrochloride and demethyl-phenylenediamine, which have as a consequence been little used as such in colorimetric estimations of oxidases.
In an attempt to procure an understanding of enzymatic processes in plants, objection arises to any appreciable modification of the hydrion concentration of the reaction medium from that approximately normal to the plant. Realization of this fact has resulted in a search for reagents which are not greatly autoxidized in neutral media (6) . A few oxidase reagents of this type, such as alpha-naphthol and paracresol are available but they do not produce the steep color gradients of more sensitive chromogens. Other things being equal, sensitive reagents reveal more minute differences and produce sharper contrasts. These characteristics and the fact that the procedure with certain precautions can be made quantitative readily justify the use of these reagents despite the apparent complexity of the process. An experiment was undertaken with the Nadi reagent to determine its utility in the estimation of indophenol oxidase activity in certain plant tissues. This reagent has found general application in animal physiology but only infrequent use thus far in plant problems (7, 9, 10, 12) . This report describes the use of the Nadi reagent in a study of seed viability.
Experimental procedure
The calorimetric procedure for determination of phenolase activity involved essentially the following steps, namely, the preparation of a completely oxidized color standard in terms of which the phenolase activity and spontaneous autoxidation are expressed, the determination of the phenolase activity of a unit quantity of seed powder, and the spontaneous autoxidation of the reagent containing a unit quantity of inactivated seed powder. The calorimetric reading of the latter was then subtracted from the reading obtained for the active enzymatic material and the result recorded as the actual phenolase activity.
The color standard was prepared by taking 125 cc. of M/100 a-phenylenediamine, an equal amount of M/100 a-naphthol, 62 cc. of 0.25 per cent. sodium carbonate and placing them in a 500-cc. bottle through which washed air was vigorously bubbled for five days to insure maximum coloration. The A small number of assorted seeds was ground in a Nixtamal mill, only seeds apparently free from mechanical injury, and infection being selected. Each group of seeds was labelled to identify it in relation to variety and age. Lots of seeds were then analyzed at random to avoid possible error due to preconceived notions. The powder was then screened through an 80 mesh sieve. In the case of wheat a few determinations were made with coarser material which passed through the 40 mesh but not the 80 mesh screen. In all other determinations only the material which passed the 80 mesh screen was used, the object being to secure material as nearly uniform in physical texture and composition as possible. The powder, though no definite attempt was made to differentiate the various parts of the seeds, was predominantly endosperm and embryo tissue.
In determination of phenolase activity the sieved powder was weighed and made up to 1 per cent. by volume with boiled, distilled water at pH 6.8 (2, 3, 14) . This solution was then allowed to stand for 90 minutes. In the meantime small quantities of dimethyl-para-phenylenediamine hydrochloride (hereafter referred to as phenylenediamine), a-naphthol, and sodium carbonate were weighed. The sodium carbonate was used to neutralize the acidity of the phenylenediamine. When the aqueous enzyme solution has stood for 90 minutes at room temperature (230 C. to 260 C.) the weighed quantities of a-naphthol and phenylenediamine were made up with distilled water to a concentration of M/100. This is approximately the concentration employed by other workers in similar investigatons (5, 7, 10), and it was found to give satisfactory results with the seeds used in this experiment.
The phenylenediamine and a-naphthol solutions were not made up and mixed until used as they are relatively unstable and autoxidizable in the presence of air. The substances, however, are quite stable in the solid form.
a-naphthol as used in this experiment was made up by adding equal parts of distilled water and 95 per cent. alchohol. An aqueous solution of a-naphthol was also prepared by boiling 8 gm. of the solid a-naphthol in 1 liter of distilled water for about 150 minutes. The solution was then made up to 1 liter by volume, cooled, and filtered. A few determinations were then made to see if the 9 per cent. alcohol retarded the reaction. No retardation was observed and consequently the alcoholic solution of a-naphthol was used in all of the experimental work. It was found that 1 cc. of 0.25 per cent. sodium carbonate was sufficient to neutralize the phenylenediamine, giving the final pH as 7.5 for the total substrate. A 2-cc. portion of a-naphthol, an equal amount of phenylenediamine, 1 cc. of sodium carbonate and 5 cc. of an infusion made from 1 part of seed powder in 100 parts of distilled water were then pipetted into a 9.5 cm. petri dish. The shallow petri dish was used to increase the surface area in contact with air (5). The reaction was allowed to proceed for a given period of time with occasional shaking and the solution was then made up by volume to a 70 per cent. alcohol concen-tration. The frequency and duration of shaking were constant for each group of seeds.
It was observed that the increase in the alcoholic concentration inhibited the enzyme action but did not stop the autoxidation of the reagents. A time period of ten minutes was adequate for the resulting di-amino-compound to become uniformly dispersed in the alcohol. DYE (5) working with animal tissues found it necessary to allow 15 minutes for complete dispersion of indophenol in alcohol. A difference in the physico-chemical properties in plant and animal extracts may account for the difference in the time period required for the reaction.
A volume of the colored solution was then decanted and taken out of the petri dish and its color intensity determined in a Duboscq colorimeter against the color standard. For a control, 2 cc. of phenylenediamine and equal volume of a-naphthol, 1 cc. of sodium carbonate, and 5 cc. of enzyme solution were pipetted into a petri dish and made up by volume to 70 per cent. alcohol. This made the concentration of the control similar to that of the unknown, thus affording a fairly accurate measure of the spontaneous oxidation of the Nadi reagents in the presence of atmospheric oxygen. Temperature variations in all of the experimental work remained in the range of 22.9 to 26.3°C. The per cent. oxidation of indophenol which might be formed was divided into the actual amount formed as determined in the calorimeter, and this was expressed as percentage.
In the determination of catalase activity an apparatus similar to that employed by APPLEMAN (1) was used. The determinations were made by placing 1 gm. of the seed powder in a 250-cc. Erlenmeyer flask, with 20 cc. of hydrogen peroxide, with reaction period (ten minutes) and the shaking constant throughout. Corrections for variations in atmospheric pressure were made and the corrected gas volume was recorded.
The per cent. germination of seeds was taken by selecting multiple lots of 25 apparently perfect seeds. These were then treated for 5 minutes in 0.5 per cent. mercuric chloride solution, washed with distilled water, and then placed in sterile petri dishes containing a small amount of uniformly moistened absorbent cotton. The seeds were at all times subjected to a saturated atmosphere. A germination count was made at the end of each day for 5 days. Temperature variation during the germination period was from 25 to 340 C. All seeds remained free, from infection during the germination period.
The seeds used in the experiments had been stored under ordinary laboratory conditions and although no attempt had been made to provide absolutely uniform conditions throughout the period of storage, they were not exposed to abrupt temperature or moisture fluctuations.
The experimental data are presented in the accompanying tables I-V. 
Discussion
In view of differences in interpretation of the indophenol reaction (7) and because of the exploratory character of the present investigation no attempt has been made in this report to adopt a critical definition of the terms oxidase and phenolase. The terms are employed simply to designate the oxidizing components of certain seeds. Although there is a certain amount of doubt regarding the exact course of the Nadi reaction there is consensus of opinion about the principle involved and the nature of the end products. It seems entirely justifiable, therefore, to employ the Nadi method in testing the phenolase activity of seeds. The Nadi method has already been proved experimentally satisfactory, it is quantitative, and there is agreement concerning the fundamental character of the reaction.
Analysis of the data (tables I-V) reveals that there is no simple quantitative correlation between phenolase activity, age and germination as determined by the Nadi reaction. If, however, both the age and percentage germination are taken into consideration then a definite though not proportional relationship becomes apparent. Those samples which were taken from relatively young seeds and had a high degree of germination gave correspondingly a large oxidation percentage. The fact revealed in table I, that the three year old seeds, in the case of Marquis wheat, have a lower percentage oxidation than 5 year old seeds is explained, in part at least, by the fact that the percentage of germination of the 5 year old grain is more than twice as great as that of the 3 year old. Oxidase activity consequently was in this instance more closely correlated with-viability than with age.
Similar results have been reported by CROCKER and HARRINGTON (4) for Amaranthus retroflexus. Examination of the experimental results obtained from the 7 year old wheat with a germination of 28 per cent. as constrasted to 8 year old grain with 12 per cent. germination shows a decrease in oxidation as the concomitant of age and low vitality.
A difference in the amount of oxidation with variation in size of the mesh through which the seed powder has passed was also noted (table I) . The powder which passed through the 40 but not the 80 mesh sieve gave more irregular results for both Marquis and Michigan amber wheat. While the percentage oxidation was more variable in the 40 mesh than in the 80 mesh powder it will be noted that the relationship to age and percentage germination of the seeds had the same general trend. The percentage of oxidation for the two varieties of wheat at the same age is not identical nor is there a definite correlation of Marquis and Michigan wheat in relation to germination and oxidation. It will also be noted (table I) that the 6 and 15 year old Michigan amber wheat did not germinate but that the latter gave a lower oxidation percentage. This indicates that there is a definite relation between age and phenolase activity.
The parallelism in catalase and phenolase activity in seeds of given age is of interest. The latter may prove to be the more reliable index to viability if the procedure for its determination can be standardized and simplified.
There appears to be a positive relationship between catalase and phenolase activity in Arlington white spine cucumber and Michigan amber wheat ( fig. 1) . The phenolase and catalase activity approximately parallel each other in relation to the age of seeds. The decrease in activity of the two enzymes accompanying senescence indicates that the intensity of the catalase The drop in percentage oxidation is shown graphically ( fig. 2) . Barley, oats, and cucumber show a definite decrease in the phenolase activity in relation to age of the seeds. In wheat, on the other hand, there is an initial increase in the percentage oxidation which is subsequently followed by a decrease. It is, however, to be noted that the increase in the phenolase activity of wheat is also accompanied by an increase in the percentage germination. In the other determinations ( fig. 2) creases as the age increases in all species except oats. In this case, despite the increase in the per cent. germination, there is a decrease in degree of oxidation with age. HARRISON (7) and other workers (8, 11) have shown that the indophenol formed in the Nadi reaction may in turn react with reducing substances such as glutathione and hypoxanthine, being thereby reduced to its colorless leuco base. The final quantity of indophenol thus may be no reliable criterion of peroxidase activity if the concentration of reducing substances present is high. In a study of the type here reported, the utility of the Nadi reaction is not lost on this account, because reduction reactions in dormant seeds are inappreciable in comparison with those in actively growing tissues. The dilutions of the seed extracts and the brief time allowed for the reaction still further minimized reduction of indophenol.
Error of greater magnitude may possibly be introduced into the Nadi reaction by the presence of an appreciable amount of catalase, due to its decomposition of the peroxide upon which the formation of indophenol depends. Several investigations (7, 10) have shown that the inactivation of the more thermosensitive catalase at moderate temperatures actually results in an increase of indophenol by peroxidases. To test the effect of catalase on the formation of indophenol by phenolase, several samples of enzymatic seed extracts were subjected to a mild heat treatment.
Heat treatment at 520 C. for 90 minutes in a water bath without shaking (7, 10) decreased rather than increased phenolase activity in Manchuria spring barley and Arlington white spine cucumber ( fig. 3) (13) and CROCKER and HARRINGTON (4) show a relationship between catalase activity, age and germination. The correlation, however, is not definite enough to make reliable forecasts of the germination percentage. The greater part of the work so far done with catalase in relation to germination apparently has been unable to evaluate precisely the effect of growth and storage conditions on enzymatic activity.
In conclusion, the Nadi reaction, involving short reaction periods and dilutions of seed extracts as above described, was found to yield concordant results in the study of phenolase activity of dry seeds of varying age. When the limitations of the Nadi reaction are circumvented, its sensivity makes it a simple and valuable indicator of oxidase activity. Phenolase activity as herein determined showed a high degree of correlation with seed viability. Summary A modification of the Nadi reaction for phenolase determination is described. Phenolase 
